The centrosome is the major microtubule-organizing center in animal cells. Although the cytoplasmic dynein regulator Nudel interacts with centrosomes, its role herein remains unclear. Here, we show that in Cos7 cells Nudel is a mother centriole protein with rapid turnover independent of dynein activity. During centriole duplication, Nudel targets to the new mother centriole later than ninein but earlier than dynactin. Its centrosome localization requires a C-terminal region that is essential for associations with dynein, dynactin, pericentriolar material (PCM)-1, pericentrin, and ␥-tubulin.
INTRODUCTION
In most animal cells, the centrosome serves as the microtubule-organizing center (MTOC). Each centrosome in G 0 or G 1 phase of the cell cycle contains a pair of barrel-shaped mother and daughter centrioles that usually lie closely and perpendicularly to each other. It also contains an amorphous cloud of the pericentriolar matrix (PCM). Microtubules (MTs) are nucleated from templates formed by the ␥-tubulin ring complex in the PCM and are subsequently either released or stably anchored to the subdistal appendages on the mother centriole. The daughter centriole, however, lacks such accessories. Each centriole duplicates once during the cell cycle. The duplication occurs in S phase. Initially, the daughter centriole matures into a new mother centriole. From the side of each mother centriole then arises a daughter centriole de novo. After elongation of the new daughter centrioles, the PCM also expands. By the onset of mitosis, the two pairs of centrioles further separate and their associated PCM split to form two centrosomes that serve as spindle poles in M phase (Doxsey, 2001; Bornens, 2002; Job et al., 2003; Ou and Rattner, 2004) .
In addition to ␥-tubulin, a large number of proteins associate with the centrosome at certain stages of the cell cycle or remain associated throughout (Doxsey, 2001; Bornens, 2002; Ou and Rattner, 2004) . For example, pericentrin tethers the ␥-tubulin-containing complex to the spindle poles in M phase, whereas in interphase it may serve as a scaffold protein for organization of the centrosome (Dictenberg et al., 1998) . PCM-1 is capable of oligomerization. In interphase, it may recruit certain centrosomal proteins into granules of 70 -100 nm in diameter, or the "pericentriolar satellites" (Dammermann and Merdes, 2002; Kubo and Tsukita, 2003) . Centrin-2 binds to the distal lumen of centrioles and is essential for centriole duplication (Paoletti et al., 1996; Salisbury et al., 2002) . Ninein anchors the MTs to the subdistal appendages in nonpolarized cells (Mogensen et al., 2000) . Dynactin, a multiprotein complex, is also implicated in MT anchoring to the centrosome (Quintyne et al., 1999) .
The centrosome is a dynamic organelle. Its protein composition and stoichiometry vary considerably during progression of the cell cycle (Doxsey, 2001; Bornens, 2002; Blagden and Glover, 2003) . Some proteins, such as PCM-1, pericentrin, and NuMA, are assembled to the centrosome through cytoplasmic dynein-mediated transport (Zimmerman and Doxsey, 2000) . Dynein is an MT minus end-directed motor consisting of two dynein heavy chains (DHCs), three to four dynein intermediate chains (DICs) , four light intermediate chains, and a variety of light chains. It is broadly involved in intracellular transport, mitosis, and other processes that require MT-based motility. On the other hand, dynein-independent protein assembly also exists but is poorly understood. Both pathways seem to be used by some proteins, such as ␥-tubulin (Khodjakov and Rieder, 1999; Young et al., 2000) . Therefore, they may be redundant and used preferentially in different cells or cell cycle stages (Doxsey, 2001; Blagden and Glover, 2003) .
Mammalian Nudel and NudE are evolutionarily conserved dynein regulators with ϳ53% amino acid sequence identity (Wynshaw-Boris and Gambello, 2001) . Nudel seems to regulate the velocity of the dynein motor (Liang et al., 2004) . This is distinct from dynactin, which stimulates the processivity of dynein movement and serves as an adaptor to many cargos and target sites (Karki and Holzbaur, 1999; King and Schroer, 2000; Dujardin and Vallee, 2002) . Both Nudel and NudE are centrosomally localized. Through direct interaction with dynein, they function in neuronal migration during the development of the central nervous system, membrane trafficking, and mitosis (Feng et al., 2000; Sasaki et al., 2000; Yan et al., 2003; Yang et al., 2003; Feng and Walsh, 2004; Liang et al., 2004; Shu et al., 2004) . Both proteins also bind directly to Lis1, another dynein regulator (Feng et al., 2000; Sasaki et al., 2000) . At least in Nudel, its interactions with both dynein and Lis1 are critical for dynein activities (Yan et al., 2003; Liang et al., 2004) . In addition, emerging evidence suggests their critical roles at the centrosome. First, murine NudE directly interacts with several centrosome proteins, including pericentrin in yeast two-hybrid assays (Feng et al., 2000) . Second, depletion of Nudel in developing neocortex impairs neuronal positioning and the coupling of centrosome and nucleus (Shu et al., 2004) . Third, both proteins are in a complex with ␥-tubulin in coimmunoprecipitations (Feng et al., 2000; Liang et al., 2004) . We thus investigated centrosome functions of Nudel in the current study.
MATERIALS AND METHODS

Plasmids
Plasmids for expressing FLAG-tagged or green fluorescent protein (GFP)-tagged human wild-type and mutant Nudel, NudE, and dynamitin were described previously (Yan et al., 2003; Liang et al., 2004) . For vector-based RNA interference (RNAi), a pair of oligonucleotides containing the sequence 5Ј-GGATGAAGCAAGAGATTTA-3Ј present in human Nudel cDNA was synthesized and cloned into pTER ϩ vector as described previously (van de Wetering et al., 2003) . The resultant plasmid, pTER-Nudi, was capable of expressing a small interference RNA to target Nudel mRNA for degradation.
A partial murine cDNA coding for the C-terminal portion of pericentrin-2 from amino acid residues 988-2916 was kindly provided by Dr. H. Koga (GenBank accession no. AK122275) (Okazaki et al., 2003) . In comparison with the full-length sequence under GenBank accession no NM_008787, it lacks coding sequences for amino acid residues 2279 -2296, probably because of alternative splicing. It was cloned into pEGFP-C1 (Clontech, Mountain View, CA) to express GFP-PCNT
Mt1
. A plasmid for expression of GFP-PCNT
Mt2
(containing residues 988-2335) was also constructed by truncating the cDNA fragment downstream of the unique KpnI site.
Antibodies and Other Staining Reagents
Mouse antibodies directed against ␣-tubulin, ␥-tubulin, FLAG, ␤-actin, DIC (70.1), and rabbit anti-␥-tubulin antibodies were from Sigma-Aldrich (St. Louis, MO). Monoclonal antibodies (mAbs) to p150 glued were from BD Biosciences Transduction Laboratories (Lexington, KY). Rabbit polyclonal antibodies to GFP, Lis1, and DHC were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-PCM-1, anti-pericentrin, mouse anti-ninein, mouse anti-centrin-2, and rabbit anti-centrin-2 antibodies were kindly provided by A. Merdes (University of Edinburgh, Edinburgh, United Kingdom), S. J. Doxsey (University of Massachusetts Medical School, Worcester, MA), G. Chan (Alberta Cancer Board, Edmonton, Alberta, Canada), J. L. Salisbury (Tumor Biology Program, Mayo Clinic, Rochester, MN) , and M. Bornens (Institute Curie, Paris, France), respectively. Anti-Nudel IgY was generated from chicken using Escherichia coli-expressed His-Nudel and affinity-purified using the antigen immobilized on Affigel (Bio-Rad, Hercules, CA). Secondary antibodies conjugated with Alexa 488, 546, 633, or 647 and LysoTracker Red were purchased from Invitrogen (Carlsbad, CA), whereas antibodies linked with peroxidase were from Promega (Madison, WI). Sypro Ruby was from Bio-Rad.
Cell Culture and Transfection
Human embryonic kidney (HEK)293T, HeLa, and Cos7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% (vol/vol) bovine serum (Sijiqing Company, Hangzhou, China) in an atmosphere containing 5% CO 2 . Cells were transfected using the conventional calcium phosphate method. When GFP-F was used as a transfection marker, the ratio of pEGFP-F (Clontech) to other plasmid(s) was kept at 1:10 to ensure its cotransfection. HEK293T cells were mainly used for biochemical assays because of their high transfection efficiency (ϳ80%). HeLa and Cos7 cells were used for cytological studies because of larger cell sizes. For overexpression experiments, cells were harvested or fixed at ϳ48 h after transfection. For RNAi experiments, they were used ϳ72 h after transfection unless otherwise stated.
Fluorescence Microscopy
Generally, cells grown on glass coverslips were fixed in cold methanol for 10 min before immunofluorescence staining. Proper antibody combinations were chosen for multicolor staining. Nuclear DNA was stained with 4,6-diamidino-2-phenylindole. To stain for endogenous Nudel, cells were permeabilized with extract buffer as described for 1 min, followed by fixation in cold methanol (Yan et al., 2003) . Fluorescence images were captured with a cold charge-coupled device (SPOT II; Diagnostic Instruments, Sterling Heights, MI) on Olympus BX51 microscope or with a Leica TCS SP2 laser confocal microscope. For confocal microscopy with fixed cells, optical sections were scanned at 0.1-to 0.2-m intervals when needed. Z-stack images were then formed by maximal projection. A Bio-Rad Radiance 2100 confocal system was used for live cell imaging. Grayscale images were converted to pseudocolor using Adobe Photoshop (Adobe Systems, Mountain View, CA). Statistical results were obtained in a blind manner and presented as mean Ϯ SD. Image quantitations were performed as described previously (Howell et al., 2000) .
Coimmunoprecipitation and Immunoblotting
Coimmunoprecipitation for FLAG-tagged proteins was performed as described previously (Yan et al., 2003) . To deplete DIC, lysate from 2 ϫ 10 7 HEK293T cells expressing FLAG-Nudel and GFP-PCNT Mt2 was sequentially incubated at 4°C with 6 g of mouse anti-DIC IgM (Sigma-Aldrich), 6 g of anti-mouse IgM (Invitrogen), and protein G beads (Invitrogen), each for 1 h. Another aliquot of the lysate was treated only with protein G beads to serve as a control. The resulting supernatants were then used for immunoprecipitation with anti-FLAG mAb. For immunoblotting, proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes (Whatman Schleicher and Schuell, Dassel, Germany). Immunoblots were developed in Western Lightning Chemiluminescence Reagent Plus (PerkinElmer Life and Analytical Sciences, Boston, MA) and exposed to x-ray films (Eastman Kodak, Rochester, NY). When necessary, blots were stripped and reblotted with other antibodies.
Centrosome Fractionation
HEK293T cells were collected with a plastic scraper. Discontinuous sucrose gradient fractionations were performed to fractionate centrosomes as described previously (Yan et al., 2003) . Eighteen fractions were collected from the bottom of the gradient, and those with even numbers were assayed by immunoblotting. For immunostaining, fraction 12 was directly blotted on a small piece of wet Immobilon-P membrane (Millipore, Billerica, MA) followed by methanol fixation and immunostaining performed as with cells on coverslips. Secondary antibodies labeled with Alexa 488 and 647 were used to avoid autofluorescence of the membrane.
Fluorescence Recovery after Photobleaching (FRAP)
FRAP experiments were performed at 25°C using a program in Bio-Rad Radiance 2100. To completely disassemble MTs, cells were treated with 5 g/ml nocodazole for 3 h before photobleaching. Fluorescence intensities were measured as described previously (Howell et al., 2000) . The relative intensity (F R ) at a given time point "t" was calculated by the following equation:
. F pre and F t represent fluorescence of the same centrosomal region before and after photobleaching. F c-pre and F c-t stand for fluorescence of a corresponding control area outside the photobleached region, so that the ratio was used to compensate for quenching effects during image acquisition. The half-time of FRAP was measured as described previously (Howell et al., 2000) . The percentage of FRAP was calculated as 100(F Rt Ϫ F R0 )/(1 Ϫ F R0 ), in which F R0 is the relative intensity immediately after bleaching (t ϭ 0) (Howell et al., 2000) .
RESULTS
Nudel Localizes Preferentially to the Mother Centriole
To further assess centrosome localization of human Nudel (Sasaki et al., 2000; Yan et al., 2003) , we raised a new antiNudel antibody in chicken that showed little cross-reaction with NudE ( Figure 1A ). Association of endogenous Nudel with the centrosome marked by ␥-tubulin was confirmed after fractionation of centrosomes from 293T cells by sucrose gradient centrifugation ( Figure 1 , B and C) (Yan et al., 2003) . Centrosomal Nudel was also detected in Cos7 and HeLa cells, in which it only partially superimposed with centrin-2 ( Figure 1D ; our unpublished data), a protein located at the distal end of both centrioles (Paoletti et al., 1996) . When Cos7 cells were treated with nocodazole at low concentrations (1 M) to partly disassemble MTs (Mogensen et al., 2000) , Nudel was found mainly to locate at the center of MTs stably anchored to the centrosome ( Figure 1D ).
For insight into functions of Nudel at the centrosome, its localization patterns were examined in detail. Initially, its distribution patterns were compared with those of centrin-2 and ␥-tubulin in Cos7 cells. Centrin-2 served as a marker to indicate centriole numbers, thus also as a reference to cell cycle stages; ␥-tubulin was a marker for the PCM (Bornens, 2002) . Before centriole duplication, Nudel colocalized with only one of the two centrioles but in a more diffuse pattern than the centrin-2 staining ( Figure 1E , 1 and 2). It only superimposed with a portion of centrosomal ␥-tubulin (Figure 1E, 3) . Nudel kept associated with one centriole until late stages of the centriole duplication: When centrin-2 staining exhibited four discrete foci, Nudel was seen at two centrioles that belonged to different pairs ( Figure 1E , 4 -9). In contrast, ␥-tubulin associated with both pairs of the duplicating centrioles constitutively ( Figure 1E , 6 and 9) .
Localization of Nudel at the center of MT focus ( Figure  1D ) suggested its association with the mother centriole (Mogensen et al., 2000; Piel et al., 2000) . Indeed, Nudel and ninein, a known component of the subdistal appendages of the mother centriole (Mogensen et al., 2000) , associated with the same centriole ( Figure 1F , 1-9). Interestingly, during the centriole duplication, ninein targeted to the new mother centriole earlier than Nudel. In cells with two ninein-positive foci, 67.0% (n ϭ 115) had only one Nudel spot ( Figure   1F , 4 -9). In contrast, p150
glued , a subunit of dynactin that was also located on the maternal centriole (Quintyne and Schroer, 2002) , coincided better with Nudel ( Figure 1G , 1-9). Among cells with two Nudel-positive foci, only 20% (n ϭ 90) contained one p150 glued spot. Moreover, centrosomal Nudel superimposed better with p150 glued than with ninein ( Figure  1 , F and G; our unpublished data), implying that Nudel and dynactin may not be located at the subdistal appendages.
Nudel Exhibits Fast Turnover at the Centrosome Independently of Dynein Activity
Cytoplasmic dynein/dynactin target to the centrosome in an MT-dependent manner (Quintyne et al., 1999) . As a dynein regulator, Nudel was expected to exhibit similar properties. After nocodazole treatment for 3 h to completely depolymerize MTs (Figure 2A, 3) , however, centrosomal Nudel still remained (1 and 2). Its average intensity was still 86.4% (n ϭ 50) of that in the mock-treated control cells.
FRAP assays were then performed to examine the dynamics of centrosomal Nudel in the presence or absence of nocodazole. As shown in Figure 2B , GFP-Nudel exhibited clear centrosome localization as one or two closely spaced spots in Cos7 cells. After being bleached in live cells using a laser beam, the centrosomal GFP autofluorescence recovered rapidly over time, reaching 96% on average (n ϭ 6) at 20 min postbleach, with t 1/2 as 2.1 min ( Figure 2B ). Such a rate of FRAP reflected rapid turnover of GFP-Nudel at the centrosome (Khodjakov and Rieder, 1999) . Nocodazole treatment for 3 h did not significantly alter the kinetics of the FRAP (92.1% at 20 min) ( Figure 2C ), indicating that Nudel is capable of MT-independent targeting to centrosomes.
To further corroborate these observations, we examined whether inactivating dynein influenced centrosomal Nudel. Overexpression of dynamitin/p50, a dynactin subunit, is known to inhibit dynein activities in both mitosis and retrograde transport of centrosomal proteins as well as membranous organelles in a variety of cell lines, including Cos7 and HeLa (Echeverri et al., 1996; Burkhardt et al., 1997; Quintyne et al., 1999; Kim et al., 2004) . Nevertheless, overexpressing FLAG-dynamitin, which was previously shown to disrupt membrane traffic (Liang et al., 2004) , failed to affect centrosomal Nudel ( Figure 2D ). Dynein activity is thus dispensable for centrosomal targeting of Nudel. (Liang et al., 2004) , were examined with ␥-tubulin as a marker. GFP-Nudel N20 was still localized at the centrosome ( Figure 3A, 1 and 2) . In contrast, GFPNudel C36 was not seen at the centrosome ( Figure 3A, 3 and  4) . This was rather surprising, because our previous results (Figure 2 ) indicated dynein-independent centrosome targeting of Nudel. Despite this, its lack of dynein binding was an unlikely cause of the defect, because Nudel was able to bind to the centrosome in the absence of MTs or dynein activity (Figure 2 ). Rather, a logical explanation was that residues 256 -291 were required for centrosome localization of Nudel through interaction with proteins other than dynein.
We have shown that Nudel C36 overexpression inactivates dynein in membrane traffic (Liang et al., 2004) . To test whether Nudel also regulated dynein-mediated centrosomal protein transport and assembly, effects of Nudel C36 on a variety of centrosomal proteins were examined. The centrosomal proteins Lis1, p150
glued , and PCM-1, although unaffected by GFP-Nudel, were disrupted in GFP-Nudel C36 expressors (Figure 3, B-D) . The PCM-1-containing pericentriolar satellites, which are usually enriched in the vicinity of the centrosome ( Figure 3D , 1 and 2) (Kubo and Tsukita, 2003) , also became randomly dispersed ( Figure 3D , 3 and 4). In contrast, centrosomal ␥-tubulin, ninein, and pericentrin were not affected ( Figure 3A , E and F). Because dynactin and the PCM-1-containing pericentriolar satellites depend on dynein-mediated transport for centrosomal targeting (Kubo et al., 1999; Dammermann and Merdes, 2002; Quintyne and Schroer, 2002) , current results are consistent with involvement of Nudel in centrosomal protein transport mediated by dynein. 
Nudel Complexes with Centrosomal Proteins in Both
Dynein-dependent and -independent Ways As dynein regulators, Nudel and NudE are expected to complex, through dynein, with proteins whose assembly to the centrosome requires dynein-mediated transport. Indeed, they are able to immunoprecipitate endogenous dynactin and ␥-tubulin in addition to dynein (Feng et al., 2000; Sasaki et al., 2000; Liang et al., 2004) . Moreover, we found that FLAG-tagged NudE or Nudel also precipitated pericentrin and PCM-1 but not centrin-2 ( Figure 4A, lanes 6 and 7) . In contrast, Nudel C36 associated with none of these proteins ( Figure 4A , lane 8), although it still bound Lis1 (lane 8) (Liang et al., 2004) . Consistently, direct interaction between pericentrin and dynein light intermediate chain has been documented (Purohit et al., 1999) .
Nevertheless, recent findings that murine NudE can interact with several centrosome proteins, including pericentrin in yeast two-hybrid assays (Feng et al., 2000) , challenged the above-mentioned assumption, suggesting that NudE may be able to bind certain centrosome proteins directly. Coimmunoprecipitation of endogenous pericentrin with FLAGNudE ( Figure 4A , lane 6) actually confirmed their interaction in vivo. Therefore, a portion of pericentrin in the immunoprecipitates ( Figure 4A , lane 6) seemed to bind FLAG-NudE directly. Nudel shares many properties with NudE (Feng et al., 2000; Sasaki et al., 2000; Yan et al., 2003; Liang et al., 2004) and thus might be able to associate directly with pericentrin as well.
To verify existence of dynein-independent association between Nudel and pericentrin, we investigated whether dynein was dispensable for their association. Initially, we tested whether the stoichiometry of pericentrin in the immunoprecipitates could exceed that of dynein by overexpressing exogenous pericentrin before immunuprecipitation. Because of alternative splicing of the same gene, pericentrin has several isoforms (Flory and Davis, 2003) , one of which is pericentrin-2 (GenBank accession no. NM_008787). There is no information available on which region of pericentrin interacts with NudE (Feng et al., 2000) . We therefore used a partial murine cDNA encoding a Cterminal fragment (residues 988-2916) of pericentrin-2 (GenBank accession no. AK122275) to express a mutant named PCNT Mt1 . This mutant contains additional 995 residues after the extreme C terminus of the original pericentrin (Doxsey et al., 1994) . GFP-PCNT Mt1 immunoprecipitated with FLAGNudel but was expressed at very low levels (our unpublished data). Truncating residues 2336 -2916 from PCNT Mt1 to form GFP-PCNT Mt2 dramatically increased the expression levels while maintaining the Nudel-association activity (Figure 4B, lanes 1-4) . Moreover, staining with Sypro Ruby, a fluorescent dye for in-gel protein detection, revealed GFP-PCNT Mt2 as a major protein in the immunoprecipitates in addition to several unidentified protein bands ( Figure 4B , lanes 5 and 6). Although DHC was detected through immunoblotting (top, lanes 3 and 4), it was not visualized in the gel stained by Sypro Ruby ( Figure 4B , lanes 5 and 6). This indicates a much lower stoichiometry than GFP-PCNT Mt2 because immunoblotting is much more sensitive than Sypro Ruby staining. Thus, the majority of GFP-PCNT Mt2 was unlikely precipitated via interaction with dynein.
To further corroborate the above-mentioned results, DIC was immunodepleted from the cell lysate using anti-DIC IgM before immunoprecipitation with anti-FLAG mAb (see Materials and Methods). Such a process eliminated 98% of DHC, thus dynein, from the lysate ( Figure 4C, lane 3) , whereas the mock depletion with only protein G resin had little effect ( Figure 4C, lane 2) . After the subsequent immunoprecipitation with anti-FLAG antibody, however, a similar amount of GFP-PCNT Mt2 was found in the immunoprecipitates regardless of the dramatically different dynein levels ( Figure 4C , lanes 5 and 6). These results further confirmed that Nudel was able to associate with pericentrin in a dynein-independent way.
Nudel Depletion Markedly Reduces Centrosome Targeting of Its Associated Proteins
To further pinpoint roles of Nudel at the centrosome, vectorbased RNA interference (van de Wetering et al., 2003) was performed to repress its expression. Transfection of pTERNudi, a plasmid designed to express a small interference RNA against human Nudel mRNA, efficiently inhibited exogenous Nudel expression but not NudE in HEK293T cells were processed for immunoprecipitation (IP) using anti-FLAG mAb. Immunoblotting was then performed with antibodies to the indicated proteins. Lanes 1-4, proteins in total cell lysates. Lanes 5-8, proteins in immunoprecipitates. To avoid overloading, FLAG-fusion proteins were detected from 1/13 of the samples for other proteins. The top bands, which are more evident in samples from cells overexpressing Nudel C36 because of a mitotic block (our unpublished data), represent phosphorylated isoforms of Nudel in M phase (Yan et al., 2003) . (B) Pericentrin is able to associate with Nudel in much higher stoichiometry than dynein. Cells (6 ϫ 10 7 ) coexpressing FLAG-Nudel and GFP (lane 2) or a GFP-tagged pericentrin mutant PCNT Mt2 (lane 1) were subjected to immunoprecipitation using anti-FLAG mAb. Immunoprecipitates were resolved by 5-15% gradient SDS-PAGE followed by either IB to visualize the indicated proteins (lanes 3 and 4) or by in-gel staining with Sypro Ruby to reveal total proteins (lanes 5 and 6). The same blot for lanes 3 and 4 was restripped to allow immunoblotting for DHC (top) and FLAG-Nudel (bottom) serially. Positions of protein size markers in kilodaltons are indicated on the right side. (C) Depleting dynein has little effect on pericentrin-Nudel interaction. Lysates from cells coexpressing FLAG-Nudel and GFP-PCNT Mt2 were either treated with anti-DIC antibody to immunodeplete dynein (lane 3) or mock-treated (lane 2). The resulting supernatants (lanes 2 and 3) and the cell lysate containing FLAG-Nudel and GFP (lane 1) were then subjected to immunoprecipitation using anti-FLAG mAb. Immunoblotting (lanes 4 -6) was then performed as described in B.
( Figure 5A, lanes 2 and 4) , whereas the vector pTER had no effect on either protein ( Figure 5A, lanes 1 and 3) . pTERNudi also repressed endogenous Nudel by 64.0 Ϯ 3.0 or 92.8 Ϯ 1.2% after transfection for 48 or 72 h, respectively, compared with the levels in vector-transfected samples (Figure 5B) . In contrast, the levels of PCM-1, pericentrin, p150 glued , DIC, and ␥-tubulin were not affected. We then examined lysosome distributions to assess dynein activity in Nudel-depleted HeLa cells (Liang et al., 2004) . For easy identification of transfectants, GFP-F, a membrane-attached isoform of GFP (Jiang and Hunter, 1998) , was used as the transfection marker. When pEGFP-F was cotransfected with pTER-Nudi at a ratio of 1:10, lysosomes were indeed dispersed in GFP-F expressors 72 h posttransfection ( Figure 5C , panels 3 and 4). In contrast, GFP-Fpositive cells cotransfected with pTER still exhibited normal perinuclear lysosome distributions ( Figure 5C, 1 and 2) . Therefore, silencing Nudel expression alone in HeLa cells was sufficient to impair dynein activity in membrane traffic.
Next, we examined whether Nudel repression affected distributions of centrosomal proteins. The control transfection had little effect on tested proteins (Figure 6, A and C) . In contrast, in populations cotransfected with pTER-Nudi and pEGFP-F, 97 Ϯ 1% of GFP-F positive HeLa cells (n ϭ 400, two experiments) exhibited little or only weak centrosomal Nudel staining (our unpublished data), suggestive of Nudel depletion. Moreover, centrosomal Lis1, pericentrin, and p150 glued were disrupted ( Figure 6 , B and C). The centriolar satellites labeled with PCM-1 also became dispersed in the cytoplasm (Figure 6 , B and C), although a small fraction of PCM-1 still localized at the centrosome ( Figure 6B , 7-9, arrowhead in the GFP-F-positive cell). ␥-Tubulin was also affected. Its centrosomal staining was not seen in 20 Ϯ 3% of pTER-Nudi transfectants (n ϭ 200), compared with 5 Ϯ 3% in control cells ( Figure 6C ). Another 56 Ϯ 1% of transfectants exhibited significantly diminished centrosomal ␥-tubulin ( Figure 6B , 9, arrowhead in the GFP-F-positive cell). Quantitation indicated a reduction by 70 Ϯ 11% on average (n ϭ 30) compared with the average centrosome intensity of the remainder of 24 Ϯ 1% transfectants whose ␥-tubulin staining showed little difference to that of the surrounding untransfected cells. In control transfectants, however, only 14 Ϯ 1% showed significantly reduced centrosomal ␥-tubulin.
The centriolar satellites and dynactin are targeted to centrosomes mainly through dynein-mediated transport (Zimmerman and Doxsey, 2000; Quintyne and Schroer, 2002) . Reports differ, however, regarding whether pericentrin and ␥-tubulin rely on dynein (Khodjakov and Rieder, 1999; Quintyne et al., 1999; Young et al., 2000; Dammermann and Merdes, 2002; Kim et al., 2004) . In our hands, overexpressing GFP-dynamitin in HeLa cells affected neither centrosomal ␥-tubulin nor pericentrin ( Figure 6D ), although it caused lysosome dispersions indicative of dynein inactivation in 86 Ϯ 3% (n ϭ 200) of expressors (Burkhardt et al., 1997) . Together, pericentrin and a major portion of ␥-tubulin required Nudel but not dynein for their centrosomal localizations in interphase HeLa cells.
Silencing Nudel Attenuates MT Nucleation and Anchoring
Centrosomal ␥-tubulin and pericentrin are essential for MT nucleation from the centrosome, whereas centrosomal localization of dynactin is crucial for subsequent anchoring of MTs to this organelle (Quintyne et al., 1999; Job et al., 2003) . We therefore examined the MT organizations in Nudeldepleted cells. Sixty-nine hours posttransfection, cells were treated with nocodazole for 3 h to completely disassemble MTs (our unpublished data). At 3 min after removal of the drug, 88 Ϯ 3% of control transfectants (n ϭ 200) exhibited bright asters with short nascent MTs ( Figure 7A ). At 8 min, a similar amount of transfectants (83 Ϯ 4%) showed clear asters with longer radiant MTs over a background of randomly polymerized MTs ( Figure 7A ). At 60 min, MT arrays were fully established, and 73 Ϯ 4% of transfectants showed radial arrays apparently focusing at the MTOC ( Figure 7A ). Untransfected cells showed similar kinetics (Figure 7, A and  B) . In contrast, only ϳ60% pTER-Nudi transfectants showed asters at 3 or 8 min (n ϭ 200). In the remaining 40%, asters were not obvious ( Figure 7B ). At 20 min, a radial MT array was seen in most untransfected cells and in 80 Ϯ 6% control transfectants (our unpublished data). In pTER-Nudi transfectants, however, the value was 50 Ϯ 6% (our unpublished data). At 60 min, only 27 Ϯ 3% pTER-Nudi transfectants displayed radial MT arrays. MTs failed to focus at the MTOC in the majority of cells ( Figure 7B ). Therefore, pTERNudi transfectants exhibited weaker MT nucleation activity correlated with reduced centrosomal ␥-tubulin, and the nucleated MTs tended to detach from the centrosome over time (Figures 6 and 7C ).
DISCUSSION
Nudel Contributes to MT Anchoring as a Dynamic Mother Centriole Protein Upstream of Dynein/Dynactin
We find that centrosomal Nudel is associated with the mother centriole. In G 0 or G 1 phase, the mother centriole is distinguished from the daughter at the ultrastructural level mainly by its appendages (Doxsey, 2001; Bornens, 2002) . So far, several proteins, including ninein, dynactin, cenexin, ⑀-tubulin, and centriolin, have been found to localize to the mother centriole (Lange and Gull, 1995; Piel et al., 2000; Quintyne and Schroer, 2002; Gromley et al., 2003) . Association of Nudel with the mother centriole was determined through comparison with centrosomal ninein, dynactin, and centrin-2, a centriole marker, and was confirmed by its colocalization with the centriole that anchors MTs (Figure 1 ) . Moreover, although ninein seems to associate constitutively with the mother centriole , Nudel and dynactin showed slightly different behaviors: During the centriole duplication, Nudel is recruited to the new mother centriole earlier than dynactin but later than ninein (Figure 1) .
Nudel mainly targets to the mother centriole independently of MTs and dynactin/dynein. Although it can be transported to centrosomes by dynein (Yan et al., 2003) , inactivating dynein by dynamitin overexpression or disassembling MTs with nocodazole only showed little or weak influence on its centrosome levels in both Cos7 and HeLa cells (Figure 2 ; our unpublished data). Centrosomal localization of Nudel N20 , whose overexpression also inactivates dynein (Yan et al., 2003; Liang et al., 2004) , again suggests that dynein activity is dispensable ( Figure 3A ). The rapid turnover of centrosomal Nudel even in the presence of nocodazole (Figure 2 ) further strengthens this notion.
Nudel is involved in MT anchoring at the centrosome. We found that repressing Nudel in HeLa cells resulted in loss of MT focus (Figure 7) . This was correlated with loss of centrosomal dynactin (Figure 6 ), which is also critical for MT anchoring (Quintyne et al., 1999) . Ninein distributions, however, were not disturbed (Figure 6 ). Thus, Nudel and dyn- actin, perhaps dynein and Lis1 also (Smith et al., 2000; Malikov et al., 2004) , are likely to function in the same pathway of MT anchoring. Nudel represents the most upstream factor. In addition, centrosomal Nudel overlapped with dynactin more closely than ninein (Figures 1, F and G) , suggesting that the dynein pathway proteins may locate on the mother centriole differently than ninein.
Together, we propose that Nudel may associate with the wall of the mother centriole and then recruits Lis1, dynactin, and dynein in an MT-dependent manner ( Figure 8A ). The complex may play a role in transport of crescent MTs to be anchored to the subdistal appendages ( Figure 8A) (Bornens, 2002) . However, details on the mechanism are unknown. In G 0 /G 1 stages, centrosomal dynein is undetectable (Quintyne and Schroer, 2002) , and dynactin may associate with Nudel through Lis1, which binds to the dynamitin subunit (Tai et al., 2002 ). The p150 glued subunit then anchors MTs (Waterman- Storer et al., 1995) . In S/G 2 phases, dynein also remains at the centrosome through dynactin and may serve as an MT anchor as well (Quintyne and Schroer, 2002; Malikov et al., 2004) .
Nudel Functions in Both Dynein-dependent and -independent Centrosome Protein Assembly
Nudel is critical for dynein-mediated centrosome protein assembly ( Figure 8B ). Although dynactin binds centrosomes in G 0 /G 1 in the absence of centrosomal dynein, its centrosomal assembly relies on dynein-mediated transport along MTs (Quintyne and Schroer, 2002) . The pericentriolar particles are also transported by dynein (Kubo et al., 1999) , presumably through the Bardet-Biedl syndrome protein BBS4 that binds both PCM-1 and p150 glued (Kim et al., 2004) . Nudel recruits Lis1, dynactin, and dynein to the mother centriole and may transport MTs to be anchored to the subdistal appendages. See text for detailed descriptions. (B) Nudel functions in both dynein-dependent and -independent centrosome protein assembly. Nudel activates dynein for centripetal transport of Lis1, dynactin, and PCM-1 (a). It also exhibits rapid turnover between cytosol and PCM (b) and facilitates centrosome targeting of pericentrin through direct interaction (c). Centrosomal targeting of ␥-tubulin is promoted possibly through association with percentrin (d). It should be noted that pericentrin and ␥-tubulin can also be transported by dynein (Young et al., 2000) . See text for detailed discussions.
Therefore, associations of Nudel with dynactin and PCM-1 ( Figure 4A ) are likely mediated by dynein ( Figure 8B ) (Sasaki et al., 2000; Liang et al., 2004) . In the presence of Nudel C36 or absence of Nudel, dynein is inactivated ( Figure  5 ) (Liang et al., 2004) . Loss or attenuation of centrosomal dynactin and PCM-1 (Figures 3 and 6 ) was thus mainly attributed to lack of dynein-mediated transport. The centrosomal localization of Lis1 is sensitive to MT assembly (Tanaka et al., 2004) . Therefore, such a localization is probably dynein dependent, although Lis1 binds Nudel directly in addition to dynein (Sasaki et al., 2000) . Disruption of the localization upon Nudel depletion or Nudel C36 overexpression ( Figures 3B and 6) should be attributed to inactivation of dynein as well.
Nudel is also important for dynein-independent protein assembly. Centrosomal assembly of pericentrin and ␥-tubulin are usually considered dynein dependent (Purohit et al., 1999; Young et al., 2000; Zimmerman and Doxsey, 2000) . Nevertheless, their centrosomal localizations are not as sensitive to dynein inactivation as dynactin and PCM-1 (Quintyne et al., 1999; Dammermann and Merdes, 2002; Kim et al., 2004) , suggesting existence of dynein-free mechanisms for them. A solid evidence is that centrosomal ␥-tubulin in the presence or absence of nocodazole exhibits similar rapid turnover in PtK1 cells (Khodjakov and Rieder, 1999) . Consistently, in our hands, centrosomal pericentrin and ␥-tubulin in Cos7 or HeLa cells were rarely affected by inactivation of dynein upon overexpression of either dynamitin or Nudel C36 (Figures 3A and F, and 6D) . Therefore, their significantly reduced centrosomal signals upon Nudel depletion ( Figure 6 ) could only be attributed to dynein-independent activities of Nudel for their centrosomal assembly. Two lines of evidence for dynein-insensitive association of pericentrin and Nudel further strengthened such a conclusion. First, an overexpressed pericentrin mutant was able to associate with Nudel in much higher stoichiometry than dynein ( Figure 4B ). Second, immunodepletion of dynein had little effect on pericentrin-Nudel interaction ( Figure 4C ). Because NudE, with which Nudel shares many properties ( Figure  4A ) (Yan et al., 2003; Liang et al., 2004) , physically binds pericentrin in vivo (Feng et al., 2000) (Figure 4A ), Nudel may modulate the latter's centrosomal localization through direct interaction as well ( Figure 8B ). ␥-tubulin, on the other hand, might be linked to dynein-free Nudel by pericentrin (Dictenberg et al., 1998; Zimmerman et al., 2004) or other unidentified proteins ( Figure 4B ). In Nudel C36 expressors, pericentrin and ␥-tubulin are recruited to the centrosome, probably through endogenous Nudel.
We found that Nudel used overlapping C-terminal domains to directly or indirectly associate with many centrosomal proteins ( Figure 4A ) (Liang et al., 2004) . Because Nudel C36 was not centrosomal (Figure 3 ), proteins that tethered Nudel to the mother centriole were also expected to bind such domains independently of dynein. The identity of these proteins, however, still remains unknown. ␥-tubulin and pericentrin exhibited a broader distribution pattern at the centrosome than Nudel (Figure 1) (Bornens, 2002) . They are thus unlikely centrosomal anchors for Nudel, and vice versa. Instead, Nudel might function to facilitate their assembly by shuttling protein complexes dynamically between the cytosol and PCM (Figures 2 and 8B ).
